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ISOTOPIC EXCHANGE OF OXYGEN ON SILVER FILMS 

G .  K. Boreskov, A.  V .  Khasin, T. S. S t a ros t ina  

ABSTRACT \( .  I u 
The authors  analyze the  oxygen bond on t h e  sur face  of  /606* 

s i l v e r  by studying the  i so top ic  exchange of  adsorbed oxygen 

with gaseous oxygen, and a l s o  by inves t iga t ing  homomolecular 

exchange of oxygen. The adsorption k i n e t i c s  were s tud ied  on 

s i l v e r  f i l m s  condensed a t  room temperature and at-195 . 
Tables are given for  exchange r a t e s  i n  both reac t ions .  It 

is found t h a t  t h e  adsorption-desorption mechanism is  respon- 

s i b l e  f o r  both types o f  exchange. 

0 

S i l v e r  is  used as a c a t a l y s t  i n  s e l e c t i v e  oxidat ion of organic  sub- 

s t ances  which is  important i n  seve ra l  processes ,  e. g. oxidat ion of  e thylene 

i n t o  e thylene  oxide,  methyl a lcohol  i n to  formaldehyde, e t c .  In  order  t o  de- 

termine t h e  mechanism responsible  f o r  ox ida t ive  c a t a l y s i s  on s i l v e r ,  t h e  s t a t e  

of  t h e  adsorbed oxygen must be known. 

methods t o  study t h e  state of oxygen on s i l v e r  ( re ferences  1 - 1 0 > ,  but  t h e r e  

Many research  workers have used var ied  

are considerable  discrepancies  on a number of b a s i c  problems, p a r t i c u l a r l y  

wi th  regard  t o  t h e  form of the  adsorbed oxygen. 

I n  order  t o  determine the  nature of t h e  oxygen bond on t h e  sur face  of  

s i l v e r ,  w e  s tud ied  t h e  k i n e t i c s  of both i s o t o p i c  exchange of adsorbed oxygen 

%umbers given i n  margin ind ica t e  paginat ion i n  o r i g i n a l  fore ign  t e x t .  
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with gaseous oxygen, and homomolecular i s o t o p i c  exchange of oxygen. 

change k i n e t i c s  were s tud ied  i n  a s t a t i c  vacuum i n s t a l l a t i o n .  

The ex- 

I so top ic  analy- 

sis of t h e  oxygen w a s  done on an Mi-1305 mass spectrometer.  Oxygen w a s  ac- 

cumulated i n  the  ion  source of  t he  mass spectrometer through a g l a s s  cap i l -  

l a r y  d i r e c t l y  connected t o  t h e  reac t ion  volume. Provis ion w a s  made f o r  both 

continuous and pe r iod ic  oxygen accumulation. 

r eac t ion  vesse l  by vaporizat ion from a h e l i x  of  s i l v e r  wire (99.99% Ag; wire 

The f i l m s  were prepared i n  a 

diameter 0.3 or 0.5 mm) heated by an e l e c t r i c  cur ren t  i n  a vacuum of  t o  

mm Hg. 

0 0 The s i l v e r  w a s  condensed a t  -195 or 20 . The f i l m s  were heated i n  

vacuum immediately a f t e r  vaporization: 

f o r  3 hours a t  250 or 300°; f i l m s  condensed a t  -195O were first reheated t o  

room temperature,  and then  heated a t  200 f o r  3 hours. 

f i l m s  condensed a t  20' were heated 

0 

0 

According t o  measurements of low-temperature krypton adsorpt ion (refer- 

ence 11) , t he  su r face  a rea  of t h e  films condensed a t  20° w a s  120-160 cm2. 

The f i l m  condensed a t  -195' had an o r i g i n a l  a r ea  of 360 c m 2 .  

hea t ing  of t h i s  f i l m  i n  oxygen t o  250' reduced the  sur face  t o  300 c m 2  with 

a f i n a l  reduct ion t o  250 cm2 a f t e r  prolonged hea t ing  under these  same con- 

d i t i o n s .  

Subsequent 

Oxygen enriched with i so tope  0l8 (43%) w a s  adsorbed on f r e sh ly  prepared 

A temperature of 200' w a s  used f o r  oxygen adsorpt ion on f i l m s  con- 

I 

f i l m s .  

b densed a t  -195O, while oxygen w a s  adsorbed a t  250° on f i l m s  condensed a t  20'. 

The adsorpt ion was b a s i c a l l y  completed 1% hours a f t e r  t he  beginning of  

t h e  experiment with only extremely slow adsorpt ion tak ing  p lace  after t h i s  

per iod .  

t i m e ,  while those  condensed a t  20° adsorbed 2-3 monolayers. 

F i l m s  condensed a t  -195' adsorbed 0 .7  monolayer i n  t h i s  length of  

In  c a l c u l a t i n g  

2 
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t h e  value o f  a s i n g l e  monolayer, it was assumed t h a t  1 .2*10l5  atoms of oxygen 

are needed t o  completely cover 1 cm2 o f  s i lver  sur face .  

After t h e  adsorpt ion w a s  measured, t h e  f i l m s  were he ld  for  12-40 hours 

a t  t h e  adsorpt ion temperatures indicated above and pressures  o f  0.04-0.15 mm Hg 

i n  enr iched oxygen. /607 

i n  t h e  concentrat ion of 0 l 8  i n  the  gaseous oxygen. 

I n  t h i s  case ,  a considerable  reduct ion  w a s  observed 

This shows t h a t  t h e  f i l m s  

contained oxygen of  t h e  n a t u r a l  i so top ic  composition before  adsorpt ion.  

cording t o  estimates based on reduction of t h e  0 l 8  content  i n  t h e  gaseous 

phase,  t h e  quan t i ty  of oxygen i n  t h e  f i lms  before  adsorpt ion amounted t o  sev- 

Ac-  

e ra l  monolayers. 

of  s i l v e r  wire i n  s p i t e  of preliminary degassing, and was absorbed during 

To a l l  appearances, t h i s  oxygen was r e t a i n e d  by t h e  h e l i x  

condensation o f  t h e  s i l v e r .  

s 

Fig.  1. 

a t  200': 

N =  2 . 4 0 1 0 - ~  mole, area S =  360 c m 2 ,  C6 = 36.9%); 2- -a f te r  hold- 

i n g  a t  250' ( P =  0.12 mm Hg, N =  2 . 4 0 1 0 - ~  mole, s= 300 c m 2 ,  

C6 = 41.0%). 

Increase i n  0 l8  concentration i n  t h e  gaseous phase 

I--after holding a t  200° (pressure  P =  0.12 mm Hg, 

The oxygen was enriched by holding t h e  f i l m s  i n  oxygen. 

I s o t o p i c  exchange with gaseous oxygen was c a r r i e d  out  on t h e  enriched 

3 
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f i l m s .  This w a s  done by pumping t h e  enriched oxygen out  of t h e  r eac t ion  volume 

a t  room temperature and admit t ing oxygen of the  n a t u r a l  i s o t o p i c  composition. 

The r eac t ion  vesse l  was then  placed i n  a furnace preheated t o  t h e  experimental 

temperature,  and i s o t o p i c  exchange of adsorbed oxygen with gaseous oxygen took 

place.  

t h a t  exchange was almost continuous during the  first hour. 

were used f o r  p l o t t i n g  curves t o  show t h e  increase  i n  0l8Ol8 and 0l6Ol8 i n  t he  

I so top ic  ana lys i s  of t h e  oxygen i n  t h e  course o f  t h e  experiment showed 

Our measurements 

gaseous oxygen. 

We used da ta  from measurements o f  t he  rate of exchange during preliminary 

holding of t h e  f i l m s  i n  enriched oxygen t o  determine t h e  OI8 content  i n  t h e  ad- 

sorbed oxygen a t  the  i n i t i a l  moment of t h e  reac t ion .  The r a t e  of i s o t o p i c  ex- 

change a f t e r  t reatment  of t h e  f i l m s  i n  heavy oxygen i s  f l ( d C / d ~ )  

A t  t h e  beginning of exchange with n a t u r a l  oxygen, t h e  r a t e  i s  

= v ( C d - C f i ) .  
f i  T 

where N i s  t h e  quant i ty  of  gaseous oxygen i n  t h e  system; T is  time; C i s  t h e  

f r a c t i o n  of 0l8 i n  t h e  gaseous oxygen; Co is t h e  f r a c t i o n  of 0l8 i n  t h e  gaseous 

oxygen a t  t h e  i n i t i a l  moment of i so top ic  exchange with n a t u r a l  oxygen; Ci i s  

t h e  f r a c t i o n  of 01* i n  t h e  adsorbed oxygen a t  t h e  i n i t i a l  moment of i s o t o p i c  

exchange with n a t u r a l  oxygen; 

a f te r  t h e  preceding t rea tment ;  v is the rate of exchange. 

i s  the  f r a c t i o n  of 0l8 i n  t h e  gaseous oxygen 'fi 

In previous calcu- 

l a t i o n s  of t h e  rates of exchange and the  quant i ty  of exchanged oxygen using t h e  

da t a  of  t h e  first experiments, we took Ci as equal  t o  t h e  0l8 content  i n  the  

i n i t i a l  enr iched oxygen, which w a s  considerably g r e a t e r  than the  actual  value 

of  Ci. 

low ( re ference  9 ) .  

a t  200'and 250' and 0.1-0.6 mm Hg. 

Thus the  values which we obtained f o r  t h e  ind ica t ed  q u a n t i t i e s  were too  

The k i n e t i c s  of the i s o t o p i c  exchange r eac t ion  were s tud ied  

0 The increase  i n  0l8 concentrat ion a t  200 

4 



1608 - i n  the  experiment with f i l m s  condensed a t  -195O a f t e r  adsorpt ion and 

holding i n  oxygen a t  200° i s  shown i n  f i g u r e  1 A  (curve 1). 

t h e  r eac t ion ,  t h e  f i l m  w a s  held i n  enriched oxygen a t  250' and t h e  k i n e t i c s  of 

t he  i s o t o p i c  exchange were again measured a t  200 

Af te r  completion of  

0 ( f i g u r e  lA,curve 2 ) .  

I t  is  poss ib l e  t h a t  t h e  reduction i n  a c t i v i t y  of t h e  f i l m  is caused by 

an increase  i n  t h e  oxygen content  i n  the  sur face  l aye r s .  

0 
As evidenced i n  f i g u r e  l B ,  t h e  k i n e t i c s  of  i s o t o p i c  exchange a t  200 

s a t i s f y  t h e  equation of t h e  first order 

where N '  is  t h e  quant i ty  of oxygen i n  t he  s i l v e r  which t akes  p a r t  i n  t h e  ex- 

change; C ,  i s  t h e  f r a c t i o n  of  0 I 8  i n  the  gaseous oxygen which corresponds t o  

i s o t o p i c  equi l ibr ium of t h e  system; the o the r  symbols have t h e  same meanings 

as i n  (1). Equation (2)  is  derived by in t eg ra t ion  of equation (1). 

balance euqation N C o + N ' C ; =  ( N + N ' ) C , ,  w e  f ind  t h a t  t h e  quant i ty  N '  of  oxygen 

i n  t h e  f i l m  which takes p a r t  i n  t h e  exchange is  2.8 monolayers i n  the  first 

experiment and 2 .0  monolayers i n  t h e  second. 

From t h e  

Thus t h e  ind ica t ed  quant i ty  of 

oxygen i n  t h e  s i l v e r  i n  these  conditions is equivalent  t o  t h e  value i n  exchange 

with gaseous oxygen which ind ica t e s  uniformity with r e spec t  t o  energy. 

The r a t i o s  of t h e  i n i t i a l  r a t e s  of increase  of  t he  i s o t o p i c  molecules 

0I6Ol8 and 0I8Ol8 i n  t h e  experiments under considerat ion ( f i g u r e  2 )  are equal  

t o  3.5 and 3.2 r e spec t ive ly  which i s  close t o  t h e  values which would be ob- 

served f o r  t h e  case of desorpt ion of equi l ibr ium oxygen: a t  i n i t i a l  concen- 

t r a t i o n s  of 0 I8  equal  t o  36.9 and 41.0%, t h e  equi l ibr ium r a t i o s  are equal  t o  

3.4 and 2.9 r e spec t ive ly .  

This  r a t i o  increases  with t h e  degree of exchange, but  continues i t s  cor- 

respondence with desorpt ion of t he  equilibrium gas. 

5 



This r e s u l t  i nd ica t e s  an adsorption-desorption mechanism with an extreme- 

l y  high rate of  r e d i s t r i b u t i o n  of the  i s o t o p i c  atoms i n  t h e  adsorbed oxygen. 

r -  

Fig. 2 .  Increase i n  concentrations of  0l6Ol8 and Ol8Ol8 at  

t h e  beginning of  experiments a t  200 0 ( the  same experiments 

as i n  f i g u r e  1). 

I ^ I  
I 

Fig. 3. 

phase a t  250°: 

N =  2 . 3 0 1 0 - ~  mole; S =  250 cm’; C{ = 42 .6%) ;  % - f i l m  condensed 

a t  20° ( P =  0 . 1 1  mm Hg;N=2.3*10-6 mole; S =  120 cm’; C’= 33.6%). 

Increase i n  concentration of 0l8 i n  t h e  gaseous 

0 I - - f i l m  condensed a t  -195 ( P =  0.12 mm Hg; 

0 

. 

. 
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In  exchange with ous xygen a t  250' ( f i g u r e  3 ) ,  a d d i t i o n a l  /609 I 

1-2 monolayers of oxygen i s  observed, so t h a t  t h e  t o t a l  quan t i ty  o f  oxygen 

tak ing  p a r t  i n  t h e  exchange i s  no l e s s  than 3-4 monolayers. Equation (2)  does 

not  descr ibe t h e  r eac t ion  k i n e t i c s  a t  t h i s  temperature s ince  t h e  a d d i t i o n a l  

oxygen appearing i n  t h e  r eac t ion  exchanges a t  a lower r a t e .  

The s p e c i f i c  r a t e s  of exchange a re  given i n  t a b l e  1. The d a t a  i n  t h i s  

t a b l e  show t h a t  f i l m s  condensed a t  -195O do not  d i f f e r  from t h e  o t h e r  f i l m s  

with r e spec t  t o  exchange when i d e n t i c a l  preliminary oxygen t reatment  i s  used. 

The apparent a c t i v a t i o n  energy of t h e  r eac t ion  is 31f  2 Kcal/mole. 

of t h e  exchange with respec t  t o  oxygen pressure  a t  250 

The order  

0 i s  equal  t o  0.3. 

Homomolecular exchange of oxygen w a s  s tud ied  on the  f i l m s  af ter  ex- 

periments on i s o t o p i c  exchange. 

held a t  t h e  r eac t ion  temperature i n  oxygen with the  same content  o f  0l8 as i n  

A s  a prel iminary t reatment ,  t h e  f i l m s  were 

t h e  r eac t ion  mixture ( a  mixture of equal volumes of enriched and n a t u r a l  oxygen), 

TABLE 1 

Legend: a--temp. of condensed Ag vapor a t  f i l m  vaporizat ion;  b--temp. of pre- 

l iminary holding of t h e  f i l m  i n  02; c--react ion of i s o t o p i c  exchange of ad- 

sorbed oxygen with gaseous oxygen; d--reaction of i s o t o p i c  homomolecular ex- 

change; e--react ion temperature;  f--pressure,  mm Hg; g--spec. r a t e  of exchange, 

mol/sec-cm2 ; h--apparent a c t i v a t i o n  energy o f  t h e  r eac t ion  , Kcal/mole. 

- -  - - 1  

225 0.11 0.95.!0-" 

20 250 250 0 . l i  3,7.10-'' 31 300 0.10 (4.1-i.7).10-~* 

ZN 0.10 (5.13.7)~lO-' '  4.9.10-" 34 , 
-195 ?O) 200 0.12 4.4.10-" 
-1% 2% 200 0.12 1,S.lO-1' 
-1% 25'1 250 250 0.11 31 

20 250 200 0.11 1,5.10-" 



u n t i l  i s o t o p i c  equi l ibr ium w a s  reached. 

250'and 300° a t  pressures  o f  0.1-0.7 mm Hg. 

cu la ted  from an equat ion o f  t h e  first o rde r  ( re ference  12) .  

The experiments were conducted a t  225: 

The ra tes  of exchange were cal- 

A s  may be seen from t h e  da t a  of table  1, t h e  i n i t i a l  rates of exchange 

f o r  t h e  r eac t ion  o f  i s o t o p i c  exchange coincide with t h e  r e a c t i o n  rates o f  t h e  

homomolecular exchange reac t ion .  

a l s o  coincide.  

i n  t h e  case of  t h e  i s o t o p i c  exchange r eac t ion .  

The a c t i v a t i o n  energ ies  f o r  both r eac t ions  

The o rde r  o f  homomolecular exchange a t  250 is a l s o  0.3, as 0 

Thus it may be concluded t h a t  both r eac t ions  t ake  p lace  according t o  

t h e  same mechanism--the adsorption-desorption mechanism. 

t h e  e q u a l i t y  of desorpt ion and exchange observed by Sandler and Hickam ( r e f e r -  

ence 10). 

The r e s u l t  confirms 

The small value o f  t h e  order  i nd ica t e s  a considerable  (>0.5)  degree o f  

covering under t h e  condi t ions  of our experiment. Nevertheless,  a g r e a t e r  

q u a n t i t y  of s i l ve r  oxygen e n t e r s  t he  exchange a t  200 

t h e  s u r f a c e ,  and t h e  fact t h a t  t h i s  oxygen is  equal  as regards exchange with 

t h e  gaseous phase i n d i c a t e s  t h a t  its a c t i v i t y  is high.  

0 than can be found on . 
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